Nickel-based γ/γ' single-crystal superalloys are used for the turbine blades of turbojets; they thus operate at various temperatures and under various loads. To build "the pattern sample" by the Finite Elements Method (FEM) allowing their mechanical behaviour modelling, it is of primary importance to estimate the T nc temperature corresponding to the two phases γ and γ' unconstrained state when the superalloy is subjected to any external effort: We define nc in index as the temperature for which the mesh nodes at γ and γ' interfaces coincide in an unconstrained state; this temperature is then considered as the constructing temperature of FEM mesh. The analysis of the phase diagram Ni-Cr-Al and of the variations of the tensor of the moduli of each phase versus temperature and the temperature of misfit almost null, given by the literature, shows that this temperature is about 820°C.
INTRODUCTION
Nickel-based γ/γ' single-crystal superalloys are primarily used for the manufacture of the turbine blades of turbojets. The ordered γ' phase is surrounded by the disordered matrix γ. Due to their use and their operation, they undergo very strong mechanical and thermal stresses in an aggressive chemical environment.
They must thus have high mechanical characteristics, in particular at high temperature.
Various heat treatments make it possible to control the microstructureof the alloys; these processes influence significantly the size and the distribution of the precipitates, γ' may appear as spherical, cuboidal or in raft precipitates /1,2,3/. Table 1 presents the chemical composition of the superalloys to which we will limit our study, AMI and MC2, and also that of both phases γ and γ', measured at room temperature /4,5/. We undertook in addition a study (to appear) for FEM analysis of the mechanical behavior of γ/γ' interfaces in nickel-based superalloys. Observations lead to the conclusion that the misfit value depends on the thermomechanical history of the material /17/. Table 2 illustrates some values of the misfit versus temperature /1,11,18,19/. Nathal et al. /20/ showed that proceeding to an ageing by creep produces a semi-coherent γ-γ' structure, allowing a good approximation of the true misfit.
Finally the estimation of the misfit null according to literature: our studies on thermodynamic equilibrium and variations of elastic constants versus temperature allow us to estimate the temperature T nc . 
ANALYSIS OF PHASE DIAGRAMS
Let us notice first that the MC2 superalloy is close in chemical composition to the AMI.
Then, when one examines the total chemical composition of superalloys AMI and MC2 /4/ one notes that nickel, aluminum and chromium are, in decreasing proportions, the three main components; the proportions of the other elements (cobalt, tungsten, tantalum, molybdenum and titanium) are much weaker. In a first approximation, one may thus consider that the γ/γ' superalloys are ternary nickel-aluminum-chromium alloys.
It thus appears logical to study the ternary diagram nickel-aluminum-chromium. Without entirely knowing the ternary diagram, its three faces examination gives interesting indications; this is why we shall examine quickly the three binary diagrams of phases: nickel-aluminum, aluminum-chromium and chromiumnickel, drawn from the "Metals Handbook" /21/. Let us recall first that aluminum and nickel are f.c.c, and chromium is b.c.c.
For the aluminum-nickel diagram we note that below 640°C there exist an Al rich solid solution, a Ni rich solid solution and four different phases β, γ, δ and ε, containing less and less aluminum (the notation γ does not correspond to the phases of the superalloys, which we will note henceforth as γ ΜΒ ). The "Metals
Handbook'' also gives the structures of all these phases: β is orthorhombic, γ Μ Β is ordered trigonal, δ is ordered cubic centered and ε is ordered face-centered cubic (Ll 2 structure).
For the aluminum-chromium diagram we note, at rather low temperatures, an Al rich solid solution, a Cr rich solid solution and among other things five different phases β, γ, δ, ε (in fact ε,, ε 2 , ε 3 ) and ζ (in fact ζ,, ζ 2 ), containing less and less aluminum (as previously the notation γ does not correspond to the phases of the superalloys, we will note it as γ Μ β), ß >s base centered monoclinic, γ ΜΒ is complex orthorhombic, the structures of δ and ει are unknown, ε 2 , ε 3 and ζ, presents a complex cubic structure similar to that of γ brass (γ^, the structure of ζ 2 (A18Cr5) is rhomboedric.
For the chromium-nickel diagram we note only the existence of a Cr rich solid solution and of a Ni rich solid solution.
Taking into account the three binary diagrams of phase nickel-aluminum, aluminum-chromium and chromium-nickel, for a given temperature, some conclusions can be drawn for the ternary diagram.
But in addition the literature, the most outstanding results from which 1221 we give below, states that for ternary nickel-aluminum-X alloys, in nickel composition higher than 50% at., either systems with a ternary compound or systems without any ternary compound can be seen, the latter case being that of molybdenum and chromium. The author of this work, P. Nash, gives as an example the isothermal section at 1473°C for the nickel-aluminum-molybdenum system where one can see a phase γ very rich in nickel and containing a much weaker percentage of aluminum and molybdenum, and a phase γ' a little richer in aluminum than the preceding one.
We also give isothermal sections (Figure 1-a) (Figure 1-b) .
In spite of some variations, these results are widely in agreement.
Let us note that the matrix γ of the two-phases superalloys is a disordered f. We also note on our pseudo-diagram that the temperatures of 1345°C and 1387°C are critical for our superalloys: Beyond these temperatures it is likely to appear liquid. That explains according to Benyousef 191, for MC2 1300°C is an interesting temperature. This author states that the MC2 alloy is submitted to the following heat treatments: 3 hours at 1300°C, 4 hours at 1100°C, 24 hours at 850°C.
We think, according to the foregoing, that if we anneal for a sufficiently long time at 1300°C, the twophase superalloy we obtain is very little constrained. The first tempering of four hours at 1100°C certainly improves the two-phase alloy relaxation. The second, for 24 hours at 850°C, certainly ends up by relaxing the two-phase alloy and one is able therefore to think that after these two temperings the last heat treatment temperature, 850°C, corresponds to the thermodynamic equilibrium and to the unconstrained state.
On this subject let us notice that in the literature /4,13,19 and others/, the various superalloys are compared without taking into account their heat treatments; the unconstrained state that they determine may thus be unreliable.
We have reasoned on ternary phase diagrams, and in view of their composition the superalloys problem is certainly more complex. But this first reflection on the phase diagrams and the heat treatments gives T nc of about 850°C. We will show in the following section that a study on the variation of elastic constants vs.
temperature leads to an adjoining temperature.
VARIATION OF THE ELASTIC CONSTANTS VERSUS TEMPERATURE
The matrix γ of the nickel-based single-crystal superalloys is an f.c.c structure and its elasticity has a cubic symmetry. The cell parameter of this phase is very close to that of the precipitates (= 3.58 A). These phases are ordered or disordered and thus present different elastic constants. According to the literature the γ phase is softer than the two-phase γ/γ' and than the γ' phase.
Hermann et al. /30/ have measured the elastic moduli for the CMSX-4 along (001), (011) and (111) directions versus temperature: they show that these constants decrease slightly in a linear way round about 900°C, they present a strong reduction between 900°C and 1100°C which is probably due to a process of diffusion in the γ' precipitate.
According to the literature these moduli vary strongly with orientation, direction and temperature.
In the case of materials with linear elastic behaviour, the tensor of stresses σ is related to that of strains ε by means of the tensor C of the elastic moduli, and the macroscopic law is therefore written in a general way as follows:
For reasons of cubic symmetry only three elastic constants: Cn, C t2 and C 44 are to be defined in the crystallographic reference.
In the following we take the elastic constants found in the literature and given in Table 3 In addition, we analysed carefully the elastic constants variation for numerous materials from the table of constants /31 /: this variation is generally linear.
From the previous experimental results /18/ and by admitting that elastic constants are linear for γ and γ' versus temperature, we have calculated and plotted the curves Ε γ (Τ) and Ε γ (Τ) given in Figure 4 We notice that at 820°C the phases have the same isotropic and anisotropic elastic constants and thus have the same rigidity: at 820°C γ and γ' behave equally from the points of view of isotropic or anisotropic elasticity as the same body. To build by the Finite Elements Method (FEM) "the pattern sample" allowing the mechanical behaviour modeling of superalloys, it is of primary importance to estimate the T nc temperature corresponding to the two phases γ and γ' unconstrained state when the superalloy is subjected to any external effort. T nc is defined as the temperature for which the mesh nodes at γ and γ' interfaces coincide on unconstrained state.
We note:
• Firstly that around 800°C (sample not deformed) the AMI superalloy has almost a null misfit /32/; and in addition the author notes that for a tensile sample the misfit according to the traction axis (001), is null at 820°C.
It should be specified that the nature of the interface strongly affects the measurement of the cell parameters. Indeed from the experimental point of view the determination of the unconstrained misfit is very delicate because this magnitude seems too small to be measured in several superalloys /15/; it has been the subject of many deliberations and much controversy.
• Secondly that the thermodynamic analysis leads to a temperature of approximately 850 °C for the unconstrained state.
• Thirdly that the two phases γ and γ' have the same mechanical behavior at the temperature of 820°C.
These results are established independently one of the other, the first one by Royer 1321 the second and the third ones by us. In addition, we think that, without external load, at a temperature of about 800°C -850°C, the γ/γ' superalloys have obviously their two phases unconstrained.
Considering the weak interval [800°C, 850°C] in which according to our analysis T nc is located, that the T nc estimation from the phase diagram and that from the null misfit are certainly less precise than that taken from elastic constants, and that these latest play an important role in the FEM, we will take T" c = 820°C for our modellings.
Moreover, let us notice that at the temperature of thermodynamic equilibrium, if the misfit were not null that would generate stresses in the γ phase and the γ' phase, and thus a storage of elastic energy; one could then consider that this elastic energy would entail a diffusion of the atoms, as opposed to the thermodynamic equilibrium which supposes that the diffusion has stopped.
CONCLUSION
We think that our study is of prime importance, because it allows T nc temperature estimation.
We have been led to this interval of 800°C -850°C for reasons corresponding to two levels of analysis relating to two different scales:
• Atomic scale corresponding to thermodynamic balance, capital
• Microscopic scale corresponding to the misfit.
consolidates the two preceding reasons.
It is normal that these two first analyses are coherent from the point of view of T nc . Since the three types of modelling are very different, their consistent coherence from the point of view of T nc is particularly remarkable and consolidates our T" c estimation.
At T" c γ and γ' have almost the same cubic network (since the misfit is almost null), they have the same anisotropic elastic mechanical behavior (since the tensor of moduli is the same for both γ and γ') and the same isotropic mechanical behavior; moreover one is in thermodynamic equilibrium (inactive diffusion).
Therefore at T nc the superalloy behaves, at the beginning of the deformation (elasticity), as a unique and continuous single-phase body from a mechanical point of view. Of course from a chemical composition point of view the superalloy presents two phases at all temperatures; but at T nc , and whatever the elastic mechanical loading, because it is two-phase, the superalloy minimizes the atomic energy of interaction between its different atoms (Ni, Al, Cr,).
As our meshes do not take into account the chemical composition, 820°C is really the relevant temperature for their construction.
Indeed in the FEM study, the calculation of the strain consists in imposing an increment of temperature and thus simulating the misfit from the two phases' thermal expansion coefficients. Moreover the study of the morphology treated by literature /3/, allows us to model it up to approximately 820°C in cuboids and beyond in rafts. Therefore once the T nc temperature corresponding to γ and γ' unconstrained state is estimated, one is able to build the pattern mesh of the two phases. At T nc , the mesh nodes at the interface corresponding to each phase are then confused. This choice of interface condition is not obligatory: indeed let us not forget that the FEM may use very different conditions of interfaces, which reflect therefore different physical behaviors. From the preceding, our interface condition corresponds to the analysis of physical reality given by experimental literature.
